Purpose To assess the impact of embryonic stem cell culture medium (ESCM) on the pre-and postimplantation development of the mouse embryo, as a mammalian model, in comparison with the conventional culture medium, a potassium simplex optimized medium (KSOM). Methods Development in ESCM versus KSOM was compared in terms of embryo morphology, cleavage, cavitation, hatching, cell number, expression of TE and ICM transcription factors (Cdx2 and Oct4, respectively), implantation, and development in utero.
Introduction
Studying mammalian preimplantation development in vitro became a possibility in the 1950s [1] [2] [3] , coinciding with a time when chemically defined media were being developed for culture of cell lines. In 1991, Simplex Optimized Medium (SOM) was developed to overcome the arrest of development at the two-cell stage [4, 5] . SOM was later modified by increasing the potassium ion concentration to formulate KSOM, which better supported in vitro blastocyst development [6] . Mouse studies using KSOM have made a significant impact on the design of culture media for human preimplantation embryos [7, 8] . Currently, media of chemical compositions that are nearly as simple as KSOM are routinely used in in vitro fertilization (IVF) clinics to culture human embryos.
The medical objective of perfecting a culture medium is to better treat infertility. Assisted reproductive technologies (ART) have helped many infertile couples have children, and ART babies today account for >1% of all births in the United States [9, 10] . However, the problem that persists is the high rate of developmental arrest of embryos in in vitro culture [11] [12] [13] [14] [15] [16] . It is likely that high attrition rates have etiologies apart from culture media, such as intrinsic genetic abnormalities and damage incurred during collection and manipulation of gametes. However, the culture medium is one parameter that can and should be carefully reworked until it is optimal. Further, there is concern regarding the long-term effects of ART, particularly epigenetic alterations potentially caused by culture in vitro [17] . Two genomic imprinting diseases, Angelman syndrome and Beckwith-Weidemann syndrome, have a higher incidence in ART children [18] [19] [20] [21] , which may be attributed to suboptimal culture conditions of preimplantation embryos.
Embryonic stem (ES) cells have been derived from the blastocysts of mouse and human. ES cells can proliferate indefinitely while retaining developmental pluripotency [22] [23] [24] . The chemically defined ES cell culture media (ESCM) are formulated to support self-renewal of ES cells, which retain the developmental potential similar to ICM. ESCM is vastly more complex than KSOM, and contains various vitamins, antioxidants, and growth factors, such as BMP4 and LIF [25] [26] [27] . ESCM can maintain ES cells in culture for several years, after which ES cells are still capable of developing into all the tissues in the body, including gametes [25, 28, 29] . This suggests that ESCM can sustain developmental potential of embryonic cells without compromising their genetic and epigenetic integrities.
The goal of this study was to assess the impact of chemically defined ESCM on mouse preimplantation development. Because ESCM is more complex and able to sustain the integrity of ES cells, we suspected that ESCM could better support embryonic cells, particularly ICM, with which ES cells share many properties. If ESCM can promote ICM development without compromising trophectoderm (TE), then we would expect higher rates of developmental success in ART settings.
Materials and methods

Animals and embryo collection
The protocol for animal use was approved by the Institutional Animal Care and Use Committee. F1 (C57BL/6 × DBA/2; National Cancer Institute, Frederick, MD) and CD-1 (Charles River Laboratories, Wilmington, MA) mice were used. F1 females (8~12-weeks-old) were superovulated and mated with F1 males, as previously described [30] . Oviducts were removed from euthanized females, and 2-cell or 8-cell stage embryos were flushed using FHM HEPES Buffered Medium (Millipore, Chicago, IL). Those embryos that were fragmented or significantly delayed at the time of flushing were discarded and not used for experiments.
Embryo culture
Two-or eight-cell stage embryos were cultured in two different media: KSOM (KSOM with 1/2 amino acids, glucose and phenol red; Millipore), and ESGRO Complete Serum-Free Clonal Grade Medium (Millipore), which is manufactured as a serum-free and feeder-free medium to maintain mouse ES cells [25] , and is referred to as Embryonic Stem Cell Medium (ESCM) in this study. Embryos in culture medium were covered with mineral oil and incubated at 37°C under 5% CO 2 , and imaged using Zeiss Axiovert 200 microscope with Hoffman Optics and MRm Digital Camera.
Immunohistochemistry and nuclear staining Embryonic Day (E) 4.5 blastocysts were fixed in 4% paraformaldehyde, permeabilized in 0.5% Triton X-100, and blocked in 5% bovine serum albumin in PBS. Primary antibodies used were monoclonal anti-Oct4 (C-10; Santa Cruz Biotechnology, Santa Cruz, CA) and anti-Cdx2 (CDX2-88; BioGenex, San Ramon, CA). Secondary antibody used was Alexa 488-goat anti-mouse (Invitrogen, Carlsbud, CA). Immunostained embryos were mounted in Vectashield medium with propidium iodide (Vector Laboratories, Burlingame, CA). Embryos were imaged at 1 μm intervals using Zeiss LSM5 PASCAL laser scanning confocal microscope. The same settings were used during imaging to allow comparison of expression levels among embryos.
Scoring of blastocyst development and measurement of cell number and cavity volume Blastocysts were scored based on the following three categories: an unhatched (uh) blastocyst contains a distinct blastocyst cavity without any TE protruding through the zona pellucida (ZP); a partly hatched (ph) blastocyst exhibits various extent of TE protrusion through the ZP; and a fully hatched (fh) blastocyst is completely outside of the ZP. The total cell number of each embryo was measured based on the nuclear staining with propidium iodide. Confocal optical sections were captured along the entire thickness (z-axis) of the embryo at 1 μm interval, and were viewed using the Zeiss LSM Image Browser software to count the number of both interphase and mitotic phase nuclei with the assistance of the overlay tool of the software. To measure the volume of blastocyst cavity, digital images of embryos were captured using a Zeiss Axiovert 200 microscope and MRm camera, which was operated through the AxioVision software. When a blastocyst cavity appeared spherical, the diameter (d) was measured using the "measure length" tool of the software to calculate the volume of cavity (¼ p Â d 3 Ä 6). When a blastocyst cavity was ellipsoidal, the longest diameter (ld) and shortest diameter (sd) were measured, and the cavity volume was estimated accordingly
. In a partly hatched blastocyst, the volume of cavity that was situated within the ZP and the volume of the cavity outside of the ZP were measured separately according to the above formulas, and the total volume of cavity was calculated as their sum.
Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) RNA extraction from blastocysts, cDNA synthesis, and real-time PCR using the specific β-actin, Gapdh, Oct4 and Cdx2 primers were performed as previously described [31] .
Embryo transfer E4.5 blastocysts were transferred in pseudopregnant CD-1 females that had been mated with vasectomized CD-1 males the previous three nights. Six to seven blastocysts were transferred per uterine horn. Numbers of implantation sites and fetuses and the morphology of fetuses were recorded on Day 14.5~15.5 of gestation. These days were chosen to provide information on the extent of fetal development as well as the frequency of embryonic loss after implantation, which can be detected by the presence of residual dark tissues, or implantation scar, in the uterus. Although we did not assess development to term in this study, normal fetuses at Day 14 of pregnancy rarely fail to develop to full term [32, 33] . Furthermore, full-term birth occasionally results in accidental loss of pups due to cannibalization by the mother, which would impede quantitative comparison of the efficiency of fetal development between the KSOM and ESCM groups. Also, in this study, we did not transfer embryos that were cultured in ESCM from the 2-cell stage. This is because many of the embryos did not develop into blastocysts by E4.5, and those were unlikely to implant if transferred to surrogate mothers.
Statistical analysis
All experiments were repeated at least three times using independent collections of embryos. For morphological assessment of embryo development, the average and standard deviation were calculated for each developmental stage category, and compared between the KSOM and ESCM groups by Student's t-test. For the analyses of cell numbers and cavity volume, all the data were compiled, and compared between the KSOM and ESCM groups by Student's t-test. For gene expression analyses, the average and standard deviation of relative expression levels were calculated from the three biological replicates, and compared between the KSOM and ESCM groups by Student's t-test.
Results
Blastocyst development is impaired when embryos are cultured in ESCM from the 2-cell stage Two-cell stage embryos (E1.5) were divided into two groups: one group was cultured in KSOM and the other was in ESCM. Morphologies of embryos were assessed daily until E4.5 (Fig. 1a) . When cultured in KSOM, most embryos reached the 8-cell stage in 24 h (E2.5). Although many embryos in ESCM also reached the 8-cell stage, a distinct number of embryos were still at the 4~7-cell stage (Fig. 1a,b) . In 48 h (E3.5), many embryos in KSOM formed a blastocyst cavity, whereas most embryos in ESCM did not (Fig. 1a,b) . The embryos in ESCM appeared to be at morula stage, although they occupied most of the space in the zona pellucida (ZP), thus appearing larger than a typical morula in KSOM (Fig. 1a) . In 72 h (E4.5), most embryos in KSOM became blastocysts with an expanded cavity. Many embryos in ESCM also became blastocysts in 72 h. However, the number of embryos that formed a blastocyst cavity was lower in ESCM than in KSOM (Fig. 1b) . Furthermore, the number of blastocysts that were partly or fully hatched from ZP was significantly lower in ESCM (Fig. 1b) . Thus, the culture of 2-cell stage embryos in ESCM impaired various aspects of development, namely cleavage, cavitation, and hatching.
We scored the total cell number of each embryo at E4.5, and compared between KSOM and ESCM cultures. On average, the embryo in KSOM contained 89.5 cells (n=27), while that in ESCM contained 59.2 cells (n=28) (Fig. 1c) , confirming that ESCM impaired cleavage (Fig. 1a) . Notably, the cell numbers in ESCM were markedly variable among embryos, ranging from 4 to 124, and some embryos in ESCM had a higher cell count than any of the embryos in KSOM (Fig. 1c) . This suggests that ESCM is not entirely detrimental to embryo development, although it impaired embryo development on average.
Expansion of blastocyst cavity and hatching are enhanced when embryos are cultured in ESCM from the 8-cell stage
We then examined the effects of ESCM when embryos were cultured from the 8-cell stage (E2.5). After the collection from the oviducts, 8-cell stage embryos were cultured either in KSOM or ESCM. The number of embryos that developed into blastocysts within 24 h of culture (E3.5) were higher in KSOM than in ESCM (Fig. 2a,b) . However, by 48 h (E4.5), the number of blastocysts that either partly or fully hatched from ZP was higher in ESCM than in KSOM (Fig. 2a,b) . The average cell number at E4.5 was significantly higher in embryos cultured in ESCM (118.3 cells; n=33) than in KSOM (96.8 cells; n=36) (Fig. 2c) . Furthermore, the average size of the blastocyst cavity was significantly larger in embryos in ESCM than in KSOM (Fig. 2d) . Therefore, when cultured from the 8-cell stage, ESCM promotes blastocyst development with respect to cell division, hatching, and cavity expansion.
Although the effective cavity expansion and hatching indicate the epithelial integrity of TE, other characteristics of TE may be compromised by ESCM, which is formulated to culture ES cells. Thus, we investigated the expressions of Cdx2 and Oct4, which are the key transcription factors for the formation of TE and ICM, respectively [34] [35] [36] . Quantitative RT-PCR analysis of embryos at E4.5 showed that the Cdx2 mRNA level was similar between the KSOM and ESCM groups (Fig. 3a) . In contrast, the Oct4 mRNA level was significantly elevated in the ESCM group compared to the KSOM group (Fig. 3a) . This is consistent with the activity of ESCM, which is to maintain ICM-like features in ES cells. However, it raises a concern that ESCM may cause ectopic expression of Oct4 in TE. Thus, we examined the spatial expressions of CDX2 and OCT4 proteins by immunocytochemistry. In both KSOM and ESCM groups, CDX2 protein was localized to the nuclei of the outer layer but not of the internal cell population, indicating that CDX2 was specifically expressed in TE (Fig. 3b) . Likewise, in both groups, OCT4 protein was enriched in the nuclei of the internal cell population (Fig. 3c) . These results suggest that ESCM does not impair the spatial expression patterns of the lineage-specific transcription factors. Notably, the average number of OCT4-positive cells per embryo was significantly higher when cultured in ESCM (30.6 cells; n=8) than in KSOM (21.9 cells; n=9) (Fig. 2d) . Thus, the increase in the number of OCT4-positive cells may be contributing to the increase in the Oct4 mRNA level (Fig. 3a) in embryos cultured in ESCM.
ESCM does not compromise the efficiencies of implantation and fetal development
Although the blastocysts that developed from the 8-cell stage in ESCM appeared intact, their ability to support implantation and fetal development needed to be verified. Thus, we transferred blastocysts (E4.5), which were (Table 1) . Also, the size and gross morphology of fetuses were not evidently different between the two groups. These results suggest that the culture of embryos in ESCM from the 8-cell to the blastocyst stages does not impair post-implantation development, specifically the efficiency of implantation and fetal development. 
Discussion
We investigated the effect of ESCM on the development of mouse preimplantation stage embryos, with a scope to improve the compositions of embryo culture media. The impact of ESCM on development was strikingly different between cultures from the 2-cell stage and from 8-cell stage. The former slowed down cell divisions, whereas the latter promoted cell division and the development of blastocyst, particularly of ICM. Importantly, culturing from the 8-cell stage in ESCM did not impair the expression patterns of key transcription regulators for TE and ICM formation, and neither did it significantly compromise the rates of implantation and fetal development. Although this study alone is not sufficient to conclude that ESCM is superior to KSOM for embryo culture, it raises the possibility that culture media with more complex chemical composition than KSOM could enhance the developmental potential of embryos. Other complex media that have been used for mouse ES cells may also exhibit similar beneficial effect on the 8-cell stage embryos. However, conventional ES cell culture media contain undefined components, such as animal serum, whereas the ESCM used in the present study is chemically defined and does not contain animal serum. In light of potential application to human ART, it would be critical to employ chemically defined media for safety as well as consistency.
One of the components in ESCM that may have impaired development of 2-cell stage embryos is the glucose in high concentrations: KSOM contains 0.2 mM, whereas ESCM contains 17.5 mM. Several studies have suggested that a high glucose concentration is detrimental to embryo development, specifically when cultured before the 8-cell stage [37] [38] [39] [40] [41] . This is likely a reflection of the dynamic change in carbohydrate utilization during preimplantation development [37, [42] [43] [44] [45] . However, other studies suggest that the inhibitory effect of high glucose concentration can be alleviated by the addition of nonessential amino acids, glutamine and alanine [46, 47] . Considering that ESCM contains these amino acids, it is unlikely that the high glucose concentration alone impaired development. Another potential aspect of ESCM that might have impaired the development of 2-cell stage embryos is the lack of EDTA. EDTA is included in various chemically defined culture media for mouse and human embryos, and it has been shown to promote development from one-cell stage [48, 49] . The action of EDTA to enhance embryo development is not fully understood, but it apparently involves activities other than its action to chelate metal ions [50] . It is of particular interest to test whether the addition of EDTA to ESCM could eliminate its detrimental effect on the 2-cell stage embryos.
ESCM promoted the formation of the blastocyst when cultured from the 8-cell stage. It is difficult to pinpoint specific components that contributed to this potentially beneficial effect. However, it is worth noting that ESCM contains several growth factors, namely insulin, BMP4, and LIF, all of which are absent in KSOM. Currently, growth factors are not included in commercial culture media for mouse or human embryos because many feel the current culture media work adequately and fear that growth factors may cause unexpected developmental anomalies [51] .
However, numerous mouse studies have shown that supplementation with growth factors, such as epidermal growth factor (EGF), insulin-like growth factor 1 (IGF-1), transforming growth factor-alpha (TGF-α) and transforming growth factor-beta (TGF-β) improves in vitro development. For example, EGF, TGF-α, and TGF-β all promote development to the blastocyst stage, increase cell numbers [52] , and stimulate trophoblast outgrowth [53] . Insulin-like growth factor 1 (IGF-1) has been shown to stimulate ICM growth in particular [54] . Furthermore, both mouse and human female reproductive tracts secrete various growth factors, such as IGF-1, EGF, vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF), and the embryo itself expresses receptors for these growth factors [55] [56] [57] [58] [59] [60] . Also, the cumulus, granulosa cells, and embryos themselves secrete growth factors [61] [62] [63] [64] [65] [66] [67] . LIF in particular may be important in early embryo-maternal dialogue: LIF is crucial for implantation in mouse embryos [68] , and dysregulation of LIF has been suggested as a cause for human infertility [69] .
Although mimicking the actual microenvironment of the female reproductive tract may not necessarily improve embryo culture media [7] , it seems intuitive that in vitro conditions ought to reflect the natural environment for optimal embryo development. Such attempts are most exemplified by a "two-step protocol", which uses two sequential media to mimic the physiological changes that occur when embryos move from the oviduct to the uterus [70] . However, complete agreement on the superiority of the use of sequential media is still lacking because successful pregnancies have been achieved in both single medium and sequential media protocols [71] [72] [73] [74] [75] . The present study is supportive of potential benefit of sequential media protocols, because the response of embryos to ESCM dramatically changed between the 2-cell and the 8-cell stages. However, it is important to point out that the 8-cell stage embryos used in the present studies were collected from the oviducts (i.e., in vivo embryos), which may behave differently from the 8-cell stage embryos that develop in culture medium after in vitro fertilization (i.e., in vitro embryos). Further studies are essential to compare the responses of in vivo and in vitro 8-cell stage embryos to ESCM in light of potential application to develop better two-step protocols.
Recent studies show that developmental paucity of experimentally manipulated embryos can be "rescued" by culturing from the 8-cell stage in ESCM [31, 76] . Such manipulations include the knockdown of Pard6b and Cdx2 genes by injection of RNA interference agents, which severely compromises embryo development in KSOM. These studies support the notion that ESCM can potentiate development of cultured embryos.
Our data show that ESCM increased the level of Oct4 mRNA and the number of Oct4-positive cells in the embryo, which is consistent with the activity of ESCM to maintain various features of ICM in ES cell culture. However, an alternative explanation is that the embryos in ESCM were simply further along in development, and cells of the ICM had proliferated, therefore yielding this elevated level of Oct4. ESCM indeed increased the total cell number, the size of blastocyst cavity, and the efficiency of hatching. All these observations are consistent with the idea that ESCM essentially speeds up development. However, the qRT-PCR study indicated that the level of Cdx2 was essentially the same between the KSOM and ESCM groups (Fig. 3a) , suggesting that cells of TE did not proliferate as much as cells of ICM in ESCM. Thus, certain features of TE, i.e., cavity expansion and hatching, were enhanced in ESCM, whereas the other feature, i.e., Cdx2 expression, was not. Interestingly, Cdx2 is important for the differentiation of trophoblast to enable implantation and placenta formation, but it is dispensable for the blastocyst cavity formation [36, 77] . Thus, it is possible that the impact of ESCM on blastocyst development may be more selective than generally speeding up development.
A recent concern for ART is that in vitro culture may cause epigenetic alterations that impact the health of animals in the long-term. Model animal studies show that culture of preimplantation embryos up to the blastocyst stage in a simple, defined medium causes significant changes in gene expression and DNA methylation patterns when compared to development in vivo [78] [79] [80] [81] [82] . While the physiologic impact of these epigenetic alterations is still unknown, mice that are derived from in vitro cultured embryos exhibit several behavioral abnormalities [83, 84] . Thus, culture in a simple medium may cause subtle yet significant health problems. ESCM has been used to culture ES cells for long periods of time without significantly altering their genetic and epigenetic states, suggesting that the epigenetic integrity of embryonic cells is relatively stable in ESCM. Thus, more complex media, like ESCM, may be more suited for ART, as they could potentially minimize epigenetic alterations during in vitro culture. Thus, future studies are to focus on the potential role of ESCM, particularly in sequential media using zygotes generated from IVF. A move towards more complex media in a sequential culture protocol may be the next step in the improvement of embryo culture media.
